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ABSTRACT

This initial report describes work on the Restructurable VLSI
Research Program sponsored by the Information Processing
Techniques Office of the Defense Advanced Research Proj-
ects Agency during the two semiannual periods, covering
1 April 1979 through 31 March 1980,
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RESTRUCTURABLE VLSI PROGRAM

I. INTRODUCTION AND SUMMARY

The objective of the Restructurable Very Large Scale Integration (kVLSI) Program is to
develop end demonstrate techniques which will make possible integration of large systems as
single-package modules. We are developing techniques for restructuring large-area IC chips
after fabrication in order io provide access for testing, perform defect avoidance and custom-
ization, and reconfigure a system while it i{s being used. The DARPA-csponsored program which .

.is reported .here is focused on development or architectural concepts for data~- and signal-~
processing systems for RVLSI implementation, development of design aids for unique RVLSI
design problems, and development of test techniques suitable for RVLSI applications. | A com-
panion Air Force-supported program in technology development and fabrication of lapfe-area
RV LSI is reported on in the Lincoln Laboratory Advanced Electronic Technolog-Qhﬁrterb' Tech-
nical Summaries. \

Since this is the first report on this prograrﬁ?f@n overview o: the goals and proposed tech-

niques is given ir Sec.II.

In Sec. [II the functional requirements on programmable connections or links are presented
and three types of links are described and compared. In the near term the cmphasis will be on
laser programmed links and links made from standard logic circuitry; a longer-term goal is
development of an electrically programmable noavolatile link,

In Sec. IV we describe a hardware description language designed for efficient description of
hierarchical and iterative siructures of digital circuits. Since each RVLSI chip may have a dif-
ferep* wiring configuration, complete automation of the signal routing process is essential.
Solutions for this problem are presented in Sec.IV.

Tlesults of an investigation of mapping a regular locally connected array of processing ele~
ments onto a physical array with defective elements are presented in Sec. V. An integrator for
a spread-spectrum packet radio receiver has beeun chogsen for a first implementation.,}The sys-
tem and its partitioning into cells is described and a scheme for assignment of cells is presented.
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II. PROGRAM OVERVIEW

A. INTRODUCTION

Digital LSI technology is rapidly evolving toward whole wafer systems in which the combined
effects of smaller feature size and larger chip area will permit the design of monolithic struc-
tures that may be two to three orders of magnitude larger in gate count than existing LSI prod-
ucts. The vast amounts of computing and signal-processing power that will be possible on single
substrates will allow for the introduction of more sophisticated and effective communications
and sensor systems onto military platforms that are currently limited by constraints of equip-
ment size, weight, and power consumption. In addition, a quantum jump in monolithic circuit
capability has significant implications in terms of cost, reliability, and maintainability.

The increased level of integrated system complexity afforded by larger chip areas and
smaller device geometries will require entirely different methods of system design, fabrication,
uad testing than are currently used in the integrated circuit industry, For example, a major
constraint on the complexity of present day devices is the requirement that a chip be entirely
free of defects in order for it to be considered useful. A more effective design and fabrication

strategy in more complex systems would be to anticipate a given defect density and to provide
mechanisms by which the defects, once identified, could be circumvented through redundant cir-
cuitry. Increased complexity also implies more extensive testing requirements, both to validate
the functional integrity of logical modules for which there may be no direct access from the chip
periphery and to identify defective cells in order that they may be selectively avoided. The lack
of suitable VLSI tesiing and defect avoidance techniques is a major obstacle to the accelerated
development of large-area high-density integrated circuit technology.

B. PROGRAM OBJECTIVES

The Lincoln Laboratory program in Restructurable VLSI is based on a concept of program-
mable conducting paths that can interconnect individual circuit cells both for initial circuit test-
ing and defect avoidance, and for subsequent modification of the basic system architecture to
accommeodate different applications or changing user needs.1 Although the immediate benefits
of our resiructuring technology will be in the areas of VLSI testing and defect avoidance, we
belic¢ re that the ultimate value of the concept is that it permits physical configuration to be a
programmable attribute of integrated circuitry. When combined with conventional software pro-
grammability at the cell level, restructurability provides an additional layer in a programming
hierarchy that is ideally matched to a modular VLSI environment. Figure 1I-1 illustrates the
concept in the context of a signal-processing application, Basic cells are of MSI to LSI com-
plexity and are treated as elemental units for purposes of testing and defect avoidance. Two
generic cell types are shown, i.e., memory (M) and computation (C), which in turn may be spe-
cialized or programmed for specific tasks via conventional soffware methods or programming
of connections on control pins. After testing, good cells are interconnected through program-
mable conducting paths to produce a final system — in this case a 64-point pipeline FFT. The
same programmable paths also provide access to individual cells for testing purposes. A chip
{or wafer) will include enough cells of each generic type so that for the expected cell yield some
reasonable percentage of chips can be wired up from the good cells.
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Fig, II-1. Restructurable VLSI using programmable links,

The use of restructurable logic for customizing large-scale chips or wafers for specific
applications is of special interest in military contexts for which production volumes may be in-
sufficient to amortize the initial design costs of complex VLSI chips, but for which wafer-scale
integration is critical for reasons of size, weight, and power consumption. Restructurability
offers the potential to tailor a single design to a variety of different system applications with re-
i sulting reductions in design time and cost for custom integrated sysiems. Restructurability also
' offers the potential for logic reconfiguration after deployment in the field. This capability could
allow machine architectures to be modified dynamically to match individual processing tasks or
to be upgraded in response to new system requirements.

A major long-term program objective is to develop a powerful new class of flexible/pro-
grammable signal-processing architectures matched to the modular nature of high-density large-~
area VLSI circuitry. Our basic concept involves the use of restructurable conducting paths for
interconnecting individually programmable modular elements. Although such structures may
not always be suited to general computational problems, complex signal-processing tasks can

I

! usually be decomposed into sets of relatively simple interconnected modular functions. For

f example, one can envision a very direct relationship between a signal-prncessing block diagram
(
|

wafer systems, such as vocoders, will require both signal- and data-processing capability.

b and the actual modular decomposition of the process in a Restructurable VLSI machine. In order
‘ to achieve this long-term objective, we require a better understanding of the functional require-
ments aid internal architecture of the basic system modules, and we need to undeisiand the

' limitations and trade-offy between various reconfigurable interconnection topologies. We also

[ will need to d :velop data-processing architectures matched to RVLSI since most potential whole
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An understanding of the relatior ips between cell complexity and amount of restructurable
interconnect needed for testing and defect avoidance is required. Cells must be large enough so
that the ratio of logic to cell interconnect areas is reasonable, but smal: enough to result in
satisfactory yield. Cell size also will be determined on the basis of efficient partitioning for
testing. A very appealing concept is that of integrating appropriate test and reconfiguration con-
trol circuitry directly onto a wafer, and providing a self-testing and resiructuring capability
that allows the system to achieve operational status without exterral manipulation. The design
of a methodology for automatic on-wafer testing is a major long-term goal of our Restructurable
VLSI program,

C. TECHNICAL BACKGROUND

We have partitioned the process of Restructurable VLSI design, testing, defect avoidance,
and reconfiguration into four major steps calied placement, routing, assignment, and linking.
Placemsent refers to the physical location of basic cell types on a chip or wafer. Routing is the
process of designing metal paths of various lengths and orientation such that they can be used
in a flexible way for custom interconnection of the various cells. After a chip or wafer is fab-
ricated the testing process identifies usable cells and these are then associated with individual
logic modules. We call this process assignment. Cells themselves may be customized after
the assignment procedure; e.g., if they are programmable logic arrays, read-only memories,
or nested clusters of Restructurable VLSI circuits. Finally, linking is the process of inter-
connecting the various metallization routes to form appropriate conducting paths between cells.
The above discussion assumes that interconnect buses are partitioned into fixed lengths during
fabrication. An additional degree of restructuring freedom is provided if arbitrary metal seg-
mentation is possible after wafer fabrication (e.g., by using a laser zapper).

Sinca the locations of defective cells will be unique to each chip, the placement strategy
must be designed such that there are appropriate numbers of each basic cell type conveniently
located on the chip. The routing must provide the greatest degree of interconnection flexibility
given the expected cell yield and the functional requirements of the subject design. Because of
the limited ability of a given placement and rcuting to cope with all possible defect patterns or

machine topologies, occasions will arise in which there may be sufficient numbers of functioning

cells to complete the design, but a linking cannot be found to interconnect them. If the chip con-~
tains relatively large quantities of identical cells an alternative assignment scheme might be
found for which a valid linking exists. The processes of assignment and linking are thus seen !
to be mutually interactive. A similar conclusion can be drawn for the placement and routing 1‘
functions, but these are coupled through the cell yield statistics rather than by specific defect !
patterns.

A fundamental difference between conventional logic-driven path switching and restructurable
linking is that the latter can be expected to be exercised relatively infrequently compared to the
rates at which data may be switched in a given machine. This affords a wide degree of flexi-
bility in the choice of programmable link technology, since the links need not be resiricted to i
the same family of switching elements that constitute the bulk of the system. Candidate ap-
proaches include the use of once-programmable fusible links similar to those used in read-only
memories, laser-based methods in which connections can be permanently broken or created,
and a variety of transistor switching designs that require differing amounts of additional cir-

cuitry for programming purposes and/or for nonvolatile retention of state information,
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An important goal in our research is to assess the utility of the various programmable link-
ing approaches for testing, defect avoidance, and system reconfiguration, Each of these imposes
a different set of requirements and constraints on the types of links that can be used. We expect
that the best compromise between system flexibility and complexity of the restructuring circuitry
will be achieved through the use of more than one linking techaique in a given design. For ex-
amnle, if the objective were simply defect avoidance or initial customization of the machine ar-
chitecture, then restructuring would only occur in the last stages of the manufacturing process
and links would need to be programmed only once. The simplicity, electrical efficiency, and
nonvolatility of fusible or laser-programmed links are well matched to the customization and
defect avoidance requirements. On the other nand, testing might require that conducting paths
be reprogrammed several times in order to gain connectivity to various cells in time succession,
but link nonvolatility would not be required. Flip-flop controlled AND gates using the same cir-
cuit technology as in implementing cell logic can provide such links to test nodes. These links
require additional chip area for control paths and storage of state information and would there-
fore be used sparingly.

The concept of architectural reconfiguration is best realized with links which are both non-
volatile and reprogrammable throughout the lifetime of the chip. This application has motivated
us to explore new linking methods in which the required features can be achieved using small
geometry, easily programmed devices, Our work in nonvolatile MNOS links is directed at this

problem area,
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III. RESTRUCTURABLE INTERCONNECT

A, INTRODUCTION

Restructurable interconnect is a new technology which is crucial to the viability of RVLSI.
Restructuring of cell interconnect is done through an array of metal buses and programmable

3 links, The buses and links must be usable for test access, defect avoidance, reconfiguration,

and customization with acceptable electrical performance and minimum consumption of area and
! power., Good yield is essential since it may be difficult to make substitution for defective links
ans busecs., The important functional characteristics of a link are whether it can be programmed
more than once; and if it is reprogrammable its speed of response to programming signals and
s whether it holds its programmed state without power,

The functions for which links are used impose differing requirer:ents on them as shown in
Table III-1, Two forms of reconfiguration are listed: "dynamic" must be dene in a time com-
parable (within several orders of magnitude) to the system clock period while "occasional" de-

e A e e e

scribes reconfiguration which can be done more slowly, Some measure of reprogrammability
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| TABLE 111-1 ;

FUNCTIONAL REQUIREMENTS ON LINKS (!

)

; Speed of .

‘ Reprogrammability Programming Nonvolatility ,

N | 3
E : Defect Avoidance No - Yes
¥ ' Customization No - Yes
' Test Access Yes Slow No

¢ f Dynamic Reconfiguration Yes Fast No .

g Qccasional Reconfiguration Yes Slow ? '

P
may be required for defect avoidance where the final testing can be done only with programmed
ir“ j interconnect. A combination of once-programmable normally open and normally closed links
) ; may suffice, It is assumed that the connectivity information for dynamic reconfiguration is
P ' stored separately {on or off the wafer) so that link nonvolatility is not required. The require-
; ment for nonvolatility for occasional reconfiguration is application dependent.
23 . R The three types of links which are being developed are described in the following sections.
'

B. ELECTRICALLY REPROGRAMMABLE NONVOLATILE LINK

. The ideal link is nonvolatile and electrically reprogrammable an unlimited number of times.
An electrically alterable resistor such as caa be built with a chalcogenide material is one possi-
bility, but such a two-terminal device presents problems in isolation between the control and

signal lines. An MOS pass transistor with charge storage in the gate dielectric does not have
this problem. Either MNOS or FAMOS devices can be used in this way, Both the resistor and 3
pass transistor are bidirectional devices but their series resistance may seriously limit speed.
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Figure III-1 shows a link comprising an MNOS transistor and a bipolar transistor. The MNOS
transistor is used as a pass transistor and the bipolar transistor provides power gain. The
bipolar transistor iniroduces voltage shift on the signal line which limits the number of links
which can be connected in series and the unidirectional nature of this link complicates the de-
sign of the restructurable interconnect. Thzse devices huave the disadvantage of requiring spe-
cial fabrication steps and control voltages (30 V) larger than normally used with logic circuits.
Figure III-2 shows how the MNOS and bipolar transistors can be merged to minimize link area,
This link is being fabricated along with a test section of a programmiable logic array where these

links are used to make an electrically alterable PLA, In the PLA unidirectionality is not a dis-
advantage and the bipolar device allows fast switching on the heavily loaded lines in the AND and

OK arrays, The link is about (10}\)2 in size with A = 3 um in this implementation. A circuit vari- x
ation described in the literaturez which uses low voltages for selection and an unswitched high
voltage has been examined as a possible alternative to the current approach.

oo e T D

C. ONCE-PROGRAMMABLE LINKS

The simplest link is a once-programmable connection such as the fusible link used in PROMSs.
We call this link, where programming removes a connection, deletive. In an additive link pro-
gramming makes a connection, We propose to program both types with a laser beam, Removal
of metzal with a laser is done routinely to correct defects on IC chrome masks. Addition of a
connection could be done by melting through the insulation at the crossing of two metal lines, an-

Som LTI ORI L

{ nealing of amorphous silicon to change it to a low-resistance connection, or formation of a con-
nection in a chalcogenide., Experiments are in progress on forming connections in two-layer
v metal.
The laser scheme reduces chip complexity since no on-chip access circuitry is required but
S can be used only prior to packaging, Once-programmable links have excellent ON/OFF resis-
- tance ratios and small size and thereforc could be used to program the segmentation of intercon-
nect metal which would greatly simplify the routing of signals on a chip., Where a limited amount
,‘ i of reprogrammability is required, additive and deletive links can be combined. Ideally, this
link does not add any area to the interconnect siructure because the metal lines themselves are
being connected or opened but second-order effects will undoubtedly dictate that some additional

area be used,

D. ELECTRICALLY REPROGRAMMABLE VOLATILE LINKS

A logic gate controlled by one bit of storage is an electrically a‘terable volatile link. It can
be switched at high speed and provides signal gain. Fabrication of this link is identical with fab-

rication of standard logic devices. Of the links consgidered this one consumes most chip area
snd power; however, for cases where a number of signal lines can be controlled as a group one b

FF can control multiple gates, thereby saving space and reducing access circuitry for link con-

trol. A circuit comprising a CMOS FF and tri-state gate circuit was designed and laid out in a

form guitable for implementing such a volatile link, The area of the link was about (557\)'2 with v
A= 3 um,

E, COMPARISON OF LINKS

Table III-2 presents a comparison of the three types of links where the reprogrammabls
nonvolatile column characteristics are representative of the merged MNOQOg&-“polar device, For
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TABLE I1i-2
) COMPARISON OF THREE LINK TYPES
1
! Reprogrammabls, Reprogrammable,
3 Nonvolatile Once-Programmable Volatile
;ﬂ Area aen? Small (553
:; ! Power Consumption Smalier None Larger
g Access and Control High veltage None Standard logic
Circuitry
I A Programming Speea Slow - Fast
l Bidireciional No Yes No
] Fabrication Special Stancard (?) Standard logic
1
i ' Signal Transmission Unidirectional, Bidirectional, Unidirectional,
gain low impedance gain

defect avoidance and customization before packaging, the once-programmable 1link is superior

. to the others, Resulis of ongoing device development will determine if a reprogrammable non-

volatile technique is viable,

link — circuit,

Fig, I1I-4, Nonvolatile programmable
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IV. DESIGN AIDS FOR RESTRUCTURARBLL VLSI

A. INTRODUCTION

Our approach to the design of a Restructurable VLSI system has three phases: (1) system
and logic design with emphasis on testability and partitioning into cells, (2) physical design of
the chip, and (3) final restructuring of the fabricated chip based on test results., In each phase
there are aspects of the design process uniquc to Restructurable VLSI. During this period we
have develoyed a hardware description language especially well suited to design with collections
of cells which should assist and encourage the designer to think in these terms. This language
and development of a translator are described in the next section. An important problem in the
restructuring process is that of finding signal paths between good cells on the interconnect piro-
vided, This is called the linking process because the solution specifies which links to turn on
or off. Development of a research linker is described in Sec. C. Work on the assignment prob-
lem, that i3, binding of logical cells to good physical cells, is described in Sec. V in the context
of specific RVLSI applications.

B. HIERARCHICAL AND ITERATIVE STRUCTURE DESCRIPTICN
LANGUAGE (HISDL)

1. Introduction

The specification of interconnections of components in a system of VLSI complexity and the
subsequent transformation of those specifications to connection or net lists are tedious and error
prone when done manually. When a language that is sufficiently rich in constructs for the formal
description of such specifications is used, then the description is easily written by the designer
«nd the generation of connection lists can be done automatically, For Restructurable VLSI we
need a language for the description of hierarchical and iterative designs. At present, description
of behavior is of secondary importance.

Many computer hardware description languages have been developed.?"4 Until recently the
emphasis in these languages has been the description of the behavior and register level structure
of a computer., Some languages that facilitate the specification of interconnections of compo-
nents (i.c., networks) at a high level have been proposed and are being or will be implemented.
For example, AHPL III (Ref. 5) is an extension of AIIPL (Ref. 6) to handle the specifications of
structures for describing a network of MSI parts., However, it is still a behavior-oriented lan-
guage not well suited to explicit interconnect description. Another language that has been studied
as a candidate for the structure description language is CASL (Ref. 7). However, CASL is cur-
rently being implemented and the present emphasis is not the generation of connection lists. A
third language, SDL (Rei. 8), supports hierarchical descriptions of structures. However, SDL
dces not have constructs for specifying replication of interconnections of substructures, SCALD
(Refs.9-11) is a graphics-—-based hierarchical digital logic design system which does generate wire
ligts, The di1awback wiil: this system is that it requires graphics terminals as input devices and
it is unclear whether arrays of structures of more than one dimension can be conveniently spec-
ified as a structure.

No structure description language with textual input that meets our needs is available.
Therefore a language has heen defined and we are writing a translator which generates wire
lists. The language facilitntes the hierarchical description of interconnection of structures and

also allows the user to specify replication of structure interconnections. Due to these two main
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features of the language, it is given the name HISDIL. (Hierarchical and Iterative Structure

1y Description Language). The language is designed strictly for the description of interconnections '
of structures and is oriented to the design of a network of components which may be of LSI com- | ‘1
plexity. Structures are modular, in the sense that components are viewed as copies of some 2
user-specified structure types. HISDL does not describe the behavioral properties of structures i .

although it could be used to describe interconnzction of cells with known behavior and thereby 1]
serve as input to a simulator.

: Sention 2 describes the features and constructs of HISDL together with an illustrative ex-
L ample. The implementation details of version 1 of the HISDL translator and the current state 3
of implementation of the translator are given in Sec. 3. From the experience gained thus far, |
some plans for modifications, extensions, and enhancements of the translator have been devel-
oped and are described in Sec.4. The syntax of HISDL is given in an appendix.

2. Language Description

& 41 The system to be described in HISDL is viewed as a hierarchy of intecrconnections of com-
, ponents. Each component is connected to other components at the same level by connecting the
b appropriate ports of the structures together. The details inside each component at a given level
in the hierarchy need not be known when the connection is made. It is the user's responsibility
to ensure that the connections are compatible with the behavior of the structure.

A component is a copy of a structure type which serves as a template for making the copy.
! There is always a name and a structure type associated with a component. Since a component
can be part of an array of components, its name can have array subscripts. KEach structure
type is defined by a structure type definition. Figure IV-1 shows the block diagram vepresen-
tatior. of a structure (a 16-bit adder) and its HISDL description is given in Fig,IV-2. A struc-
ture type definition has a header (line 1 of Fig,1V-2) which contains the keyword STRUCTURE
followed by the structure type name and a list of parameters. These parameters are the names
of the I/0 ports of the structure type. Following the header are the I/O declaration lists (lines
2 and 3). Line 2 rdeclares that the structure type has two input ports called AUGEND and
ADDEND, both with path widths of 410 and the individual lines of the ports are numbered 0 to 15.
! Line 3 declares that the port, SUM, of path width 16 is an output port. The list of components
used in this structure type is given in line 4 which declares that the components are ADDHIGH
and ADDLOW of structure type ADDER8B. Lines 5 to 15 define the interconnections of the com-
ponents, Each line is a connection list representing a set of ports to be connected together.
Each port has a component name (optional) followed by a port name., The component and port
names of a port are gseparated by a period. If the component name is absent, then the port be-
longs to the structure tvpe being defined. Line 16 terminates the structure type definition. The
8-bit adder, ADDERS, is defined to be a cell type. Logically, a cell type is the lowest-level
structure type in the structural hierarchy and the special keyword CELL is used. There need
not be any distinction between cells and structures as far as the logical connections are con-
cerned, However, it is prudent to provide flexibility for specifying structures that are prede-
fined and their descriptions exist in a library. Such structures may represent the lowest level

LT g m— e s -

in the hierarchy {nat the user is interested in.

One of the important features of the language is the FOR construct, With this construct
the user can easily specify the interconnections of an array of components. The maximum num-
ber of dimensions of an array in HISDL is four allowing one to specify the structure of a

four-dimensional array of components,
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Conneciions of structures are specified as lists of ports. Iach list can optionally have a
user specified name. A connection list is a list of ports delimited by special characters like
"/% and braces. Besides using the connection list, connection of components can be specified as
component invocations as illustrated in I'ig. IV-3 which describes the same structure given in
Fig. IV~-1. A component invocation is very similar to a procedure call in a general programming
language. By specifying the name of a component followed by a list of ports which has a one-to-
one mapping to the parameter list of the component's structure type, the user can connect struc-
tures together. The translator will generate the connection lists from the component invocations
provided.

A typicul HISDL prograin is a list of structure or cell type definitions. One of the structure
type definitions is the hizhest level or root structure representing the starting structure type.
The translator will use the root structure to obtain the net lists for the whole structure defined.
The net list for the whole program is generated afier all structure and cell type definitions are
expanded. In the first version of the translator, the first structure or cell type definition en-
countered in the HISDL suurce program is tk. root structure.

3. Implementation of the HISDL Translator (Version 1.0)

The HISDL translator currently being implemented can be broadly divided into two parts —
the parser and the data base. A language design tool, LANG-PAK (Ref. 12), is used to imple-
ment the translator. The syntax of HISDL is first defined in the LANG-PAK meta~language
which is similar to the Backus-Naur IF'orm (BNF') of language specification. The meta-language
allows one to specify codes for semantic actions to be taken as the various constructs are parsed
and processed. The semantic codes are "compiled" by a subroutine called the semantic com-
piler into operation codes to drive the semantic machine, another subroutine. The interface be-
tween the parset and the data base is the semantic machine which is coded to call the appropriate
data-base subroutines as the HISDL statements are processed. All the LANG-PAK related sub-
routines have been imnplemented and a test version of the translator for syntax checking purposes
is currently running under VM/370 CMS. The version of LANG-PAK that is installed is a
FORTRAN version.

The translator creates a data base as if parses the input statements. The data base is an
internal representation of the structure described by the HISDL program. It is used to generate
the connection lists. About ten PFORTRAN arrays are used to implement the data base at the
current stage. A master directory is used for accessing the data base using names, i.e.,
structure/cell type names, component names, port names, names of connection lists as well as
names of FOR variables. The subroutines for storing the 1/O and component declaration lists
information have been implemented. There is a table for each structure/cell type defined.
Another table contains information for all components declared. The entries in the tables are
pointers to other tables (including the tables themselves). All I/O port names and path widths
are stored in common arrays and pointers are used to access the right list (or lists) of I/O port
names for the given structure/cell type or component. It is common for the ports in a structure
definition to have the same path width specifications. Thus to save space, all path width speci-
fications (as well as array dimension specifications) are stored in a common storage area and
each entry in the area is a unique specification. Thus it is possible to share these specifications

among many ports as well as array names. This is true, also, for names; that is, all names
are stored in a common area and the entries are all unique. Thus if there are two instances
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of the same name being used, the appropriate entries for the name contain pointers to the same
location in the same common area.

Work is in progress in implementing the data~base subroutines for storing information on
connection lists and component invocations and in the development of an algorithm for generating
the net lists using the information in the data base. The organization of the connection list and
component invocation information in the data base is dependent on the net list generation algo-
rithm. The output of the translator will initiaily be the nct lists and tables of component and
port names. The tables are used in con¥.nction with the net lists to aid the user in associating
the net lists with logical component anc port names of the program.

A number of HISDI. programs 'wer. syntactically checked using the test version of the trans-
lator. For a program of 135 lines, the CPU time was 2.66 s for the translator running under
CMS on an Amdahl 470/V7. Besides syntax checking, a listing of the program was generated
together with a special file. The file was used for debugging purposes and contained the con-
tents of the data-base arrays and the actual parameters of the data-base subroutines called.

4, Modifications, Extensions, and Enhancements of HISDL

T'he experience gained in the use of tke test version of the translator has provided some in-
sights into extensions and enhancements of HISDL. One proposed modification to the language
is the replacemrent of the list of port names in the structure type definition header with the /0
dezlarations. This removes the redundancy that now exists between the port names in the 1/0
declarations and the list of port names in the structure type definition header and is consistent
with CONLAN (Refs. 13-15).

For more efficient specification of arrays of interconnected structures, a conditional con-
struct like the IF...THEN. .. ELSE should be provided. This addition to HISDL will make it
easier for the user to gpecify special connection conditions, for example at the edges of an array
of interconnected structures. 'The conditional construct when used in conjunction with connection
list specifications will «llow the inclur.on or exclugion of certain connection lists when the spec-
ifind condition holds (or does not huld), In the first version of HISDL, the special connection at
the edges of an array of iaterconnected structures can be specified using multiple FOR
congtructs.

Other language extensions may be desirable. Tor example, the translator can be extended
to print the hierarchy of the structure described or to generate its graphical equivalent.
Furthermore, the translator can be modified to create a more permanent data base which can
be used over and over again. This will allow the user to "build" up a system description from
muany different HISDL program runs, each run describing a part of the system. With this capa
bility, users can share the common data base.

C. RESZARCH LINKERS
1, Introduction

After a RVLSI wafe. is tested and an acceptable assignment is made, the desized cell-to-
cell connections are m.ide by setting links. The process that finds the paths for all .he specified
connections on a previously defined pattern of interconnect and links is called linkir.g. It is anal-
ogous to the process of routing in the design of ICs and PCBs.

A linker operates ia a world of pins and segments. Ping are the I/O ports of a cell, A
segment is a physical ccnaicting line that is 1aid out on a channel, which is the space between
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rows of cells, A segment does not need to run the full length of the channel; several short seg-

_ ments may be collinear. The overall connectivity possibilities of the interconnect pattern de-

- pend on the density and length of the segments, as well as where links are located. A linker

operates on two data bases. The first is tae pin-to-segment and segment-to-segment connec-

t tivity information, The second is the list of pins to be connected.

3 Our current linkers are experimental or research linkers. They are being used to investi-

%. gate both linking heuristics and to study the effectiveness of different interconnect patterns for
certain applications. This use as a research tool demands the ability to work with a variety of

link and segment characteristics, whicit in turn requires a variety of cost functions. In order

for the cost function to be easily modified it is separated from the search algorithm. This al-

lows all paths to be found followed by application of the cost function to find the least cost path.

|
’ [ Typical items that would be included in the cost of any path wpuld be the total number of active

| links on the path, the maximum number of links in series .n a path, the physical length of the
! path, and the number of links made unusable for future paths. The cost of all these items would
be technology-dependent.

We have programmed and are operating three research linkers, They are an exhaustive
linker, a cluster filter followed by the exhaustive linker, and a graph reduction linker, All are
written in PL/1 and are running on the Amdahl 470/V7. Connectivity information can be ex-
tracted from either a Calma layout or a textual description of the positioning of cells, segments,
and links. The linkers, as written, find solutions for multipin nets through bidirectional links.
If unidirectional links were used only smaill ~haages to the present data structures and search

I ok

algorithms would be required,

2. Exhaustive Linker

o The exhaustive linker finds all the possible solution paths of a specified connection and ap-

. P !
3 l plies a cost function to select the best path. in this methiod there is a clear separation of the )
L path search and the application of the cost function in agreement with the goals of a research

t linkev.

For each net, the exhaustive linker does a depth first search through the various path pos-

I sibilities by expanding from an arbitrarily chosen pin through any valid combination of segments )
. until the path contains all the pins in the net, The path's cost is measured at this point and is ‘1
kept if it is smaller ‘han the current minimum cost path., The scarch continues through different
path permutations until there is no possibility of finding a cheaper cost path or until an arbitrary :
cutoff point is reached.

Although the exhaustive linker will find all the possible paths, it does so at high cost, We
experienced a growth in time required to find an optimal solution that was exponential with the
number of pins in a net and the maximum number of links in s:ries from one pin of the net to 1
another pin. The following tabulation shows this growth: i

Links Time

1

Pins (series) (8) i
2 2 4.0 !
3 2 4.9 ;
2 4 10,0 !
3 4 21.4 !
: 4 282.0 i
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3, Cluster Filter

The cluster filter was developed to reduce the number of segments and thus the search space
of the exhaustive linker. Those segments that have no chance of being in a minimum link solu-
tion path are eliminated from further consideration and the resulting group of valid segments is
then passed to the exhaustive linker.

The cluster filter begins with all the pins of the current net considered as "roots" of sepa-
rate equivalence classes. For each pin, a one-link expansion finds all the available segments and
E pins that can be reached from that pin by going through one link and these segments and pins are
placed into that pin's equivalence class, This one-link expansion proceeds for each equivalence
class in turn until two or more classes are found to have some segment in common, The Venn-

like diagram of Fig, IV-4 helps to illustrate the situation. Thetwo large circles represent two
equivalence classes and contain many segments and pins. The smaller "root" circles are subsets

|
, of the equivalence classes. The paths are a group of segments that connect the "root" to the com-
! mon segments. These paths usually contain only a small portion of the set of segments and pins .

that make up the equivalence class. At this point the segments in common, the "root" of each in-

1 tersected equivalence class, and the paths are merged or clustered to form a "root" of a new
equivalence class. Those equivalence classes that did not intersect on the last iteration continue
to expand. The process of expansion continues until one equivalence class is formed that contains
all the ping. That setis thenpassed to the exhaustive linker to find the minimum cost path.

Figure 1V-5 shows a simple layout on which pin 1 of cell 00 (00.1), pin 2 of cell 04(01.2) and

pin 3 of cell 43 (13.3) are the pins of a net. I'ollowing the procedure outlined above, pins 00.1,

01.2, and 13,3 are made the "roots" of their ownequivalence classes A, B, and C, respectively.

Coamare e Satmeem® ol aber ot dom coul saac Boade o sedeen Kol i e ittt Bl Aot one¥hi.

After a one-link expansion A contains pin 00.1 and segments 1, 3, and 5; B holds pin 01,2 and
segments 1, 2, and 6; and C holds pin 13.3 and segments 8, 10, and 12. Since A and B have
segments 1 and 3 in common, they are merged. Segments 1 and 3 with pins 00.1 and 01.2 form
the "root" of the new equivalence class AB. There are nn segments in common with C at this
i point. Another one-link expansion adds segments 5, 6, 43, 14, and 15 tc AB and segments 15
through 18 to C. Segment 15 is common to AB and C. The path from segment 15 to the "root"
of C is through segment 12 and there is no path to the "root" of AB, since it already touches the
"proot! The new equivalence ciass ABC is formed containing all three pins and segments 1, 3,
12, and 15. The exhaustive linker need only consider four segmenis when used with the filter,
vs eighteen segments without the filter. In larger layouts the savings are even greater.

Co An imp'lied cost criterion was introduced into the search process by this heuristic filtering
| algorithm, namely that only paths with the minimum number of links would be minimal cost.
This reduction in flexibility bought a large gain in speed. Use of the cluster filter followed by
the exhaustive linker made an order-of-magnitude improvement in speed in most cases, but the
time needed still grew exponentially as shown in the tabulation below.

C T T

]
Links Time
"‘ Pins (series) (s)
E 2 2 2.9
3 2 3.0
2 4 3.8
3 4 5.4
4 4 5.1
4 6 22.6
5 6 89.5
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4, Graph Reduction Linker

The graph reduction linker reduces the problem complexity even further and therefore achieves
impressive time reductions over the other linkers. It takes a group of segments and pins, pres-
ently the output from the cluster filter, and forms a directed graph. The pins and segments are
the nodes in the graph and the links connecting them are the arcs of the graph. The graph is
built by starting at an arbitrary root pin, and traversing through links and segments away from
the root pin until all the segments and pins are in the graph, A graph built this way could con-
ceivably be quite complicated with many possible paths that connect the pins. For example,

Fig. IV-6 shows a partial layout in vhich the segments that have survived the cluster filter have
been darkened. A graph built from these segments starting from pin 04.4 looks like Fig, IV-7,
Those segments or pins with unique connectivity possibilities are represented by circular nodes,
while those segments with identical connectivity are grouped together in rectangular nodes.

This graph can be reduced and a solution found by recognizing three things. First, pins are
always needed in any solution path and therefore are exempted from the search process. Second,
at a specific level in the graph some segments may have identical connectivity possibilities; i.e.,
touch the same segments, and/or pins, and can be reduced to one minimum cost segment. For
example, in the graph of Fig. IV-7, segments 37, 38, 44, 44, and 45 have identical connectivity.
However, in the full layout it is found that segments 37 and 38 cost less by any cost crite-
rion than any of the others. One of the two is chosen, since they are equivalent. By applying
the same procedure to every rectangular node in the graph, the example graph is reduced from
35 posgsible nodes to 15 nodes. The third thing to notice is that certain segments are always
needed in any solution path; these can be seen as "constrictions" in a graph. In the example this
would happen if all the segments in the two rectangular nodes with segments 70 and 37 had been
previously allocated by the linker. Then the minimum cost segment in the node with segment
48 would be a constriction. The graph reduction linker takes this into account by not using this
segment in the enumeration process. This divides the graph in two, which allows the linker to
congider the smaller problem of finding optimum paths through the subgraphs.

By eliminating some segments from consideration and requiring others to be in the solution,
the graph reduction linker can often substantially reduce the graph. Then simple enumeration of
all possible paths can be done in a reasonable amount of time. This allows most nets to be linked
in a fraction of a second, even if the routes taken are tortuous or the net is multipinned. Some
nets, however, cannot be reduced very much and then one sees the customary exponential time
growth. Héwever, the constant is not as big as in the other linkers, because the enumeration or
search process is more efficient. This linker has no implied cost assumptions.

The graph reduction linker is currently being used to test the interconnect pattern of several
layouts. In one experiment a 128-cell layout used for the integrator was tested. Fifty-six nets
were linked in 10 8. This experiment piroved the worth of both the linker and the integrator's
interconnect pattern.

Successful linking may be dependent on the ordering of nets and/or the assignment of cells
on the chip. Unleas the interconnect pattern is designed with linkability in mind, such that one
net's linkage does not adversely affect other nets' linkages, the linker may have to be modified
in a couple of ways. Besgides presorting the net list, the linker might need the ability to unlink
nets that prevent other nets from being linked. Another modification would reflect the fact that
the assignment and linking processes are interdependent. In the case that no complete linking
could be done for the current assignment, the assignment program would have to do another
assignment using information derived from the linking failure.
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AUGEND <«<0Q:15> ADDEND <0Qi15>

<0:7> <RiIs> <0:7> < 8:18>

AD<O:7>

AG«<Q:7>

AG<0Q:7> AD<O:T>

CIN couT couT
Ot ADDLOW ADDHIGH  p=———O

Low CIN OVF Fig. IV-1. Structure of a 16~bit adder. .

4
}
l SUM<0: 7> SUM<0:7>
|
I

. <Q:i7T> <B8:15>
i SUM <Q:i5>

P || ADDLOW, ADDHIGH - 8-81T ADDERS

‘» ‘

16-BIT ADDER DEFINED IN TZRNS OF
COMNECTION L1STS

0 24 24 28 24

TRUCTURE ADDER16 (AUGEND , ADDEND , SUH)
! % DEFIRITION OF A 16=BJT ADDER STRUCTURE
N % THAT USES TWO 8~BLT ADDERS.
IN AUGEND <01 15>, ADDRND <01 15>
oUT SUN<O1 15>
% STRUCTURE USES TWO 8-B1T ADDERS
COMPONENTS ADDHIGH,ADDLOW : ADDERS
b
JLGIN
1 ADDLOW 1NFUTS
/ADDLOM  AG, AUGEND <0t 7>/
/ADDLOW . AD , ADDEWD <01 75/
X LoV 8 BITS OF BUM
| 8 /ADDLOM . SUM , SUM<01 7>/
. 2 ADDHIGH INPUTS
' 9 /ADDHIGH.AG, AUGEND <8t 15>/
i0 /ADDRIGH « AD, ADDEND <81 155/
L X HIGH 8 BITS OF SUM
Fig. IV-2. HISDL description of n iAgg::cwu;sngn;st é:>mw
: -IN
the 16-bit adder. 1 TO INTERNAL PORT LOW.
12 /ADDLOW .CIN, LOW/
X COKNECT CARRY-OUT OF ADDHIGH TO
X INTERRAL PORT OVF.
13 /ADDHICH. COUT ,OVF/
X CONNECT CARRY-OUT OF ADDLOW 10
X CARRY-IN OF ADDHIGH
14 /ADDLOW .COUT , ADDHIGH. CIR/ .
15 £RD

[C ]

~o

b3
16 ENDSTRUCT
L3

T DEPINE B-BIT ADDER
X AG, AD, SUM ARE THE 8-BIT AUGEND, ADDEND »
T AND SUM RESPECTIVELY,

X CIN AND COUT ARE THE 1-BIT CARRY-IN AKD

% CARRY-ONT RESPECTIVELY

17 CELL ADDERS (AG,AD,SUM,CIN,COUT)
18 IN AG<0:7>, AD<O:7>,CIN

19 OUT SUN<0; 7>,COUT

20 FADCELL

R; T=0.01/0.07 13:42:16 104484 -5
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1
12
13
14

B3 T=0,01/0,05 13143130

2
% A 16-BIT ADDER USING COMPORENY INVOCATION
X
5

TRUCTURE ADDER1& (AUGEND,ADDEND,SUN)
% DEFINTTION OF A 16-BIT ADDER STUCTURE
% THAT USES THC 8-BIT ADDERS.
IN AUGEND<0: 15>, ADDEND<Q1l5>
OUT SU4<0: 135>
COMPONENTS ADDHIGH,ADDLOW :ADDERS
X
BEGIN
1 INVOCATION WITH CONNECTIONS OF ADDHiGH
ADDHIGH (AUGEND <81 15>, ADDEND <83 15>, 5thi<8, 15>,
ADDLOW.COUT, OVF)
% IRVOCATION WITH CCNNECTIONS OF ADDLOW
ADDLOW ( AUGEND <01 7>, ADDEND <01 7>, SUX<0: 7>, LOW , INT)
END
ENDSTRUCT

3
% DEFINE 8-8IT AUBER
X AG, AD, SUM ARE THE 8-BIT AUGEND, ADDEND
X AND SUM RESPECTIVELY.
% CIN AND COUT ARE THY 1=BIT CARRYIN AND
% CARRYOUT RESPECTIVELY
CELL ADDERB (AG,AD,SUM,CIN,COUT)
IN AG<Ot 7>, AD<Ot7>,CIN
OUT SWM<O1 75,COUT
ENDCELL

Lowsss]

Fig. IV-3. HISDL description of
the 16-bit adder with component
invocation,

PATHS FROM ROOT OF A
TO INTERSECTION

PATHS FROM ROOT OF B
TO INTERSECTION

SEGMENTS

IN COMMON

Fig. IV-4. The intersection of two
equivalence classes.
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Fig. [V-5. REight 3-pin cells with interconnect,

19

g s i ek L

LU Y

PR 3%

e —

ez L oem

i @l s




SR e s =

fe

46 4B 49 50 52 53 35 %6

97
TRREY P ;}} 7 6\

]
N ,
[}
éf —¢ i -
IZ;" 18 —i3 —7
14
coo col coz co3
Q
3¢] Jacte a7} Isi}sa 25] js2]8 o8| 173|7¢]
18 ] ]
19
200 2)
7 — i —
21 128 1 -
zg;r 132 33
3l
clo ch [} ci3
q
Fig.IV-6. Eight 8-pin cells with interconnect.
coll _'m
2 3 6 8
8
70,71, 72 37,38, 41 48, 49, 52, 55, 56/ 02,1
74,77, 78 44,45 59, 60, 63, 66, 67| )
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V. APPLICATION OF RESTRUCTURABLE VLSI

A. INTRODUCTION

Advances in implementation of digital systems have always influenced system architecture,
the outstanding example being the effect of decreasing cost of memory. We have begun to inves-
tigate ways in which the dramatically higher levels of integration achievable with RVLSI will
influence the way we think of systems. The physical partitioning of RVLSI into cells suggests
a good match with cellular architectures and the uniformity of a systolic array is attractive for
RVLSI implementation, Section B describes how a regular array might be restructured for de-
fect avoidance, We plan to test our concepts and design tools on a series of increasingly chal-
lenyging applications, A digital integrator for a spread-spectrum packet radio receiver has been
selected as the first application, The system and early design results are described in Sec. C.

B. SYSTOLIC ARRAYS

Architectures with a small number of cell types and mostly local interconnect seem advan-
tageous for implemertation in Restructurable VLSI. One such architecture is the systolic array
which is a cross between a pipeline and a single-instruction, multiple-data (SIMD) stream ma-
chine, Like a pipeline, each entity in the array repetitively receives data from its neighbors,
operates in a fixed manner on the data, and transmits the transformed data to other neighbors.
Like a SIMD, each identical entity executes the same instruction,

Systolic arrays of cells with 3, 4, and 6 faces are described in the liter:a\ture.16

All of these
layouts can be mapped onto an 8-faced cell layout by some log’. -1 to physical face assignment.
The layout of octagonal cells with nearest neighbor connectivity = shown in Fig,V-1. By re-
stricting the number of usable faces to 6 per cell and assigning them as shown in Fig, V-2, the
cell array can be made isomorphic to a 6-faced (hexagonal) cell array. Triangular and rectan-
gular arrays can likewise be formed, When a systolic array is mapped onto an imperfect phys-
ical array then the required connectivity is not strictly local. A link can be inserted into each
line in Fig. V-1 so that by opening links a cell is isolated. In order to route signals around de-
fective cells a redundant rectangular grid of lines can be added. Figure V-3 shows routing of
a signal around a bad cell in the horizontal direction. From left to right the signal passes
through three normally open links which have been closed,

The redundant grid and the links, however, cannot by themselves repair the logical 3-, 4-,
or 6-faced layout, Cells and their logical faces must also be reassigned. In order to investigate
the effectiveness of this scheme of face reassignment and reprogrammable interconnect an as-
signment algorithm was programmed that would work on a flawed physical array. Simulations
were done to determine what n X 8 logical array would fit on an 8 X 8 physical array for a cell
yielu of 0.81, With logical arrays of triangular, rectangular, and hexagonal connectivity the

average value of n for 20 ‘rials was 4.5, 4,5, and 2,3, respectively, Therefore, with an average

of 51,8 available cells, the average utilization for three cases was 36,0, 36,0, and 18.4 cells.
We would expect higher utilization if the array could be configured to an n X n array, but at the
expense of a more complex assignment program, One general result that could be inferred from
the simulation is that cell utilizaticn in a local only (or local mostly) network is very sensitive
to the pattern of defects.
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¢, INTEGRATOR

In a spread-spcctrum digital communication system a correlation is performed between the
received signal and a copy of the code used at the transmitter. The information is in the polar-
ity of the correlation peak. In the presence of noise it may be necessary to perforin integration
over a number of repcated transmissions of cach bit, Since, in this case, the position of the
correlation peak is not known, the integration must be performed at a number of positions or
bins around the cxpected peak time. A combined surface-acoustic-wave (SAW) correlator and
integrator has been designed and demonstrated at Lincoln l.aboratory. Improved performance
is expected from the combination of a SAW correlator and a separate digital integrator,

Iigure V-4 is a diagram of such a system. The analog correlator output is converted to a
200-Mbps bit stream, These bits are grouped into frames of 1024 bits, The integrator samples
a 256-bit window of cach successive frame arriving within the integration period, and suins the
corresponding bits of each frame, At the end of an integration period, which may vary from
10 to 1024 samples, the 10-bit summations for each of the 256 bit-positions within the sample
window are read out,

Figure V-5is a functional block diagram of the integrator, The sequence of operations for
the integrator is as follows. An initial preset value is placed on the bus and loaded simulta-
neously into all 256 counters by pulsing the LOAD line, For each frame within the integration
period a sample window of 256 bits is shifted into the count-cnable register. After each sample
is shifted into place a COUNT pulse is given which simulianeously increments those counters
with a one in their hit of the count-enable shift register, At the end of the integration period the
contents of all 256 counters ave simultaneously transferred to 256 readout buffer registers.
Thus the counters are free for a new integration period while the data from the previous period
are read out. Readoutl is performed by shifting a single bit down the read-enable shift register
which will enable successive readout buffer registers onto the bus.

Figure V-6 shows the partitioning of the 256~counter array into cells, each containing four
10-bit counters, Within each 8-cell, 32-counter column both the read-enable and count-enable
shifts registers are daisy chained together in a next-neighbor type of interconnection. All other
bug and control signals are routed in parallel to all cells on th: wafer., We desire to choose a
routing and a corresponding assignment strategy to map this logical design onto a physical wafer.
The broadcast and bus lines pose no particular problem, The daisy chain lines, however, limit
the types of assignment strategies usable with a reasonably smalsy interconnect pattern while pre-
serving the capability for defect avoidance,

An assignment strategy suitable for the class of designs using one-dimr ensional next-neighbor
interconnect, like the integrator, has been devised. It is based on the two concepts of skipping
defective cells along a column and migrating extra cells from one column to an adjacent one.
Suppose we wish to implement an M~ N logical array of cells on a larger XxY physical wafer,

We specify two parameters of the strategy namely SKIP(K) and MIGRATE(L). We then assign
each logical column to a physical column which has both a sufficient number of working cells and
that has no more than K consecutive defective cells to skip over. If either condition cannot be
met, connection can be made to an extra cell in a neighboring column up to L columns away.

A tentative routing layout has been worked out for the SKIP(1) MIGRATE(1) case which is
expandable for the gereral case. On a wafer with fixed segmentation each vertical channel is

required to have space for 2K + 2 signal lines, while each horizontal channel is required to have
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space for 2L + 2 signal lines in order to implement each restructurable daisy chain line, If a
technique for arbitrary segmentation at wafer probe time is available, the vertical channel width
can be reduced to K + 1 tracks. The SKIF(1) MIGRATE(1) routing therefore requires four ver-
tical and horizontal tracks per channel using fixed segmentation and two vertical and four hori-
zontal tracks per channel using arbitrary segmentation. These routings are able to handle all
fourteen cases of physical next-neighbor connections that arise in SKIP(1) MIGRATE(1). A more
restricted routing can eliminate the rare interconnect cases to sacrifice some yield for lower
interconnect area., It should be noted, though, that for the full routing the SKIP(K) MIGRATE(L)
is only a sufficient condition for assignability and not a necessary one, There are many assign-~
ments which though they are not strict SKIFP(K) MIGRATE(L) are nonetheless linkable on the
given routing,

Given these routing and assignment strategies, and an estimate of cell yield, we would like
to know what values for K and L are necessary as well as what physical wafer dimensions are
best in order to guarantee good wafer yield, A simple analytical expression can give the expected
wafer yield assuming no contraints on allowable assignments, This formula can be nested to
handle the case of unrestricted SKIP without allowing MIGRATION. More realistic cases of
limited SKIP with MIGRATION are too difficult to handle analytically and require Monte Carlo
simulation. An assignment program for the SKIP(K) MIGRATE(L) strategy is being written at
present, The program will be run repetitively on simulated defective waters to gather yield
statistics, A small nonconstructive simulation program has been written which can handle the
SKIP(K) MIGRATE(1) case.

As the 200-MHz input rate is too fast for current MOS technology, a separate bipolar 8-bit
serial-to-parallel converter will be used to drive eight parallel count-enable registers, Fig-
ure V-6 shows the partitioning of the integrator into eight 32-counter columns. The duration of
the 256-bit window is 1.28 us and the windows repeat with a 10,24-us period. Thus there are
more than 8 us for the count, parallel transfer, and preset actions to take place, The stressing
readout case is a short integration period; with a 10-frame integration, the readout transfer
must be at 2,5 MW/s, The only high-speed circuitry is in the count-enable register.

U ()

Fig. V-1, A systolic array Fig, V-2, Hexagonal-cell
of octagonal cells, array formed f{rom the
octagonal-cell array.
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APPENDIX
SYNTAX OF HIERARCHICAL AND ITERATIVE STRUCTURE
DESCRIPTION LANGUAGE

The HISDL syntax description uses the following notation;
(1) The equal sign "=" is to be read as "is defined as".

(2) <character>, <letter>, <digit>, and <integer> represent the sets of

characters, letters, digits, and integers (signed), respectively.
(3) A literal is underlined, e.g.,, STRUCTURE, =, |.

(4) The vertical bar "|" is used to separate alternatives in the definitions.

(5) Braces, for example in {<character>} 39, specify the number of rep-
etition that is allowed. The lower limit is always specified and it
can be zero. The upper limit when not specified means that there is
no set upper limit on the number of repetitions. However, for any
physical implementation of the language, there is always an upper
limit be it disk space for the HISDL source file, memory space or
word size limitation. Also the unspecified upper limit may be known
only after the data base has been implemented.

SYNTAX OF HISDL VERSION 1.0

<program> = {<comment>|<type definition>} 1

<comment> = % {<character>} 39

<type definition> = (<sheader> <body> <stail>|<cheader> <body> <ctail>)
<sheader> = STRUCTURE <header>

<header> = <type name> _(.{<parameter list>} é_)
<cheader> = CELL <header>

<fype name> = <name>

<name> = <letter> {<letter>| <d1git>}g
<parameter list> = <parameter> {_,_ <parameter>} 300

<parameter> = <!dentifier type>

<identifier type> = <array name type>|<name>

<array name type> = <name> <left bracket> <index specification list> <right bracket>

| for EBCDIC character set
<left bracket> -

[ for ASCII character set

| for EBCDIC character set

<right bracket>

] for ASCII character set

et oo K Lk e




<index specification list> = <index specification> {_,_ <index specification>}(3)
<index specification> = <limiti> {i<limitz>}3 {_;_<increment>}é

<limit1> = <integer>

<1limit2> = <integer>

<increment> = <integer>

<body> = <io declaration>|<component declaration>|<type definition>

| <connection body>
<io declaration> = <io type> <io list>
<io type> = IN| OUT| INOUT
<io list> = <io name type> [_,_ <io name type>} (1)00
<io name type> = <identifier type> {<path width specificatiom}é
<path width specification> = < <index specification> >
<component declaration> = COMPONENTS <component declaration list>
<component declaration list> = <component list> {_, <component lisb}éoo

<component ligt> = <name type list> : <type name>

<name type list> = <identifier type> {; <identifier type>} (1)00

<connection body> = EE_GE {<connection statement>}0 _FE\I_P_

i : <connection statement> = <connection list>|<component invocation> |<for statement>
' <connection list> = {<net name>}é <left brace> <pin list> <right brace>

<net name> = <identifier>

| <identifier> = <array name> |<name>

b | <array name> = <name> <left bracket> <index iist> <right bracket>

1
} ' <index list> = <index range> {, <index ra.nge>}(3)
L 2
: <index range> = <limitd> {: <limit2>}
{ / for EBCDIC character set
3 left brace ={ ™
{ for ASCII character set
|
oo / for EBCDIC character set
r‘ right brace ={"

} for ASCII character set

<pin list> = <pin name> {, <pin name>} (1)00

<pin name> = <component name> . <io name>
<component name> = <identifier>
<io name> = <identifier> {<path width>} }

<path width> = < <index range> >

28
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<component invocation> = <component name> ({<pin lisb}é )
<for statement> = <for header> <for body> <for tail>

<for header> = FOR <control variable> = <limit1> TO <limit2> {BY <increment>}é

<control variable> = <name>
<for body> = <for connection list>|<for component invocation>|<for body>
<for connection list> = <for name> <left brace> <for pin list> <right brace>
<for name> = <for array name>|<name>

<for array name> = <name> <left bracket> <for index list> <right bracket>
<for index list> = <for index range> {L <for index ra.nge>}3

<for index range> = <for limit1> {i <for 1imit2>}é

<for limit1> = <for expression>

<for limit2> = <for expression>

<for expression> = <integer>|<for term> {<op> <for term>} éo

<for term> = {<sign>}?) (<control variable>|<integer>)

<sign> = t| -

<op>=t|-txl/

<for pin list> = <for pin name> {_,_ <for pin name>} (1)00

<for pin name> = <for component name> . <for io name>

<for component name> = <for name>

<for io name> = <for name> {<for path width>}é

<for path width> = < <for irdex range> >

<for component invocation> = <for component name> ( {<for pin list>} (1)_)_
<for tail> = ENDFOR

<stail> = ENDSTRUCT {<type name>} §

<ctail> = ENDCELL {<type name>}
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FFT

HISDL

LSI
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PLA
PROM

; RVLSI

; sAW
SIMD

VLSi

GLOSSARY

Complementary Metal-Oxide Semiconductor

Floating-Gate Avalanche-Injection MOS
Flip Flop
Fast Fourier Trangform

Hierarchical and Iterative Structure Deacription Language
Large Scale Integration

Metal-Nitride-Oxide Semiconductor
Metal-Oxide Semiconductor
Medium Scale Integration

Programmable Logic Array
Programmable Read-Only Memory

Restructurable Very Large Scale Integration

Surface Acoustic Wave
Single~Instruction Multiple Data

Very Large Scale Integration
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